The development of an in vitro system prepared by lysis of LulII virus-infected cells with Brij-58 has enabled the study of the assembly pathway of a parvovirus. Under optimal conditions, radioactive precursors are incorporated both into viral replicative form double-stranded DNA and into progeny viral DNA (vDNA) during pulses as short as 30 s. Labelled 110S particles can be isolated at the end of such pulses. Therefore, synthesis and encapsidation of progeny viral DNA into pre-existing empty viral capsids appear to be closely related processes. Up to about 10 min after incorporation of vDNA, the 110S particles band at 1.44 g/ml and are relatively unstable in 3-5 M-CsC1. Moreover, newly synthesized vDNA molecules show an abnormal electrophoretic behaviour probably due to the presence of a covalently linked terminal protein. This so far uncharacterized alkali-stable polypeptide is lost (cleaved off?) concomitant with the maturation of the 110S virus particles. Maturation is reflected by a change in the virus stability in CsCI and a shift in density from 1-44 to 1-41 g/ml around 10 to 15 rain after encapsidation of progeny vDNA.
INTRODUCTION
Parvovirus LuIII belongs to the genus of so-called autonomous parvoviruses. This group of viruses is capable of replication in susceptible cells without the simultaneous presence of an adenovirus helper. Nevertheless, autonomous parvoviruses depend on one or more cellular functions expressed only transiently during late S-or early G2-phase of the cell cycle (Rhode, 1973; Rose, 1974; Siegl & Gautschi, 1973 . For LuIII virus it was shown that, in cells synchronized for DNA synthesis and infected in early S-phase, synthesis of viral DNA and proteins starts as early as 8 h after infection. Viral proteins in the form of empty viral capsid structures, intermediates in the replication of viral DNA, as well as progeny mature virions then accumulate in the nucleus in close association with the host cell chromatin , 1978 .
Based on the observation that virus macromolecular synthesis and virus assembly may occur at one distinct site in the nucleus, and attempted to develop an in vitro system to study the assembly pathway of LuIII virions. They showed that both synthesis of progeny viral DNA and incorporation of the newly synthesized molecules into mature virions was possible in a nuclear system derived from synchronized infected cells by gentle lysis with Brij-58. The kinetic data of these experiments also suggested that newly synthesized viral DNA is encapsidated only after a lag period of about 15 min. This lag period was assumed to reflect either a distinct maturation process of progeny single-stranded DNA (ssDNA) or the existence of various nucleoprotein intermediates in the assembly pathway of parvovirus LuIII which remained undetected under the conditions of these experiments.
The studies described here and in the accompanying paper (Muller & Siegl, 1983) were designed to resolve the assumed intermediates in the maturation of LuIII virus. The use of radioactive precursors of extremely high specific activity as well as more sophisticated experimental techniques, however, revealed some new details which necessitated a redetermination of the most favourable conditions for the in vitro system. The resulting characterization of the subcellular system as well as the kinetic data related to the synthesis of progeny viral DNA and its incorporation into progeny infectious virions under these conditions are presented.
METHODS
Cell cultures and virus. NB cells (SV40-transformed newborn human kidney cells, Enders) were grown to a density of 6 x l06 to 7 x 106 cells per 60 cm 2 Petri dish in Eagle's minimum essential medium (MEM) supplemented with 5 % foetal calf serum. They were synchronized for DNA synthesis by the addition of 5 mMthymidine (TdR) for 24 h at 37 °C (Siegl & Gautschi, 1973 . After release from the synchronization block, they were infected with parvovirus LuIII (Hallauer et al., 1971 ) at a multiplicity of infection of 10 (Siegl & Gautschi, 1973) . Experiments have shown that it is absolutely essential to standardize the cultivation of cells, the synchronization conditions, as well as the treatment of cultures in the course of infection in order to obtain reproducible results.
Labelling of DNA. After adsorption of virus for 1 h at 37 °C, cellular DNA was prelabelled either with [t4C]TdR (1 ~tCi/ml, 59 mCi/mmol) for 3 h or with [3H]TdR (1 to 2 ~tCi/ml, 48 Ci/mmol) for 1 h. 14C or 3H radioactivity incorporated into cellular DNA was used as a reference to monitor cell number and recoveries during preparation of the in vitro system . In the lysed system, DNA was labelled either with [3 H]deoxythymidine triphosphate ([3 H]dTTP; 200 ~tCi/ml, 30 Ci/mmol) or with [32 P]dTTP (200 ~tCi/ml, 2000 to 3000 Ci/mmol). All radioactive precursors were purchased from Amersham International.
Preparation of Brij-58-1ysed cells. At 15 h post-infection (or at the time indicated) the infected, prelabelled monolayer cultures were washed twice with an isotonic phosphate buffer containing 0-1 ~ trypsin, 0.137 M-NaC1, 2.7 mM-KCl and 0.54 mM-EDTA and then incubated for 1 min at 37 °C. Cells were detached and suspended in a modified MEM , washed once with Puck saline A (140 mM-NaCl, 5.4 mM-KC1, 0.1~ glucose, 0.03 ~ N aHCO3) and resuspended in ice-cold lysis solution at a density of about 107 cells/ml (Reinhard et al., 1977) . The lysis solution consisted of 40 mM-HEPES pH 7-8, 80 mM-KCI, 2 mM-dithiothreitol (DTT), 2~ (w/v) dextran, 300 mi-sucrose, l mM-EGTA, 4 mM-MgCl2, 2 mM-ATP and contained 0.01 ~ Brij-58. After incubation at 0 °C for various periods of time (usually, however, for 15 min), cells were layered on top of 6 ml of lysis solution without Brij-58 and centrifuged at 1800 rev/min and 0 °C for 12 min. The resulting pellet was resuspended in the reaction mixture originally made for optimum DNA synthesis in uninfected P-815 cells (Reinhard et al., 1977) .
The reaction mix contained 40 mM-HEPES pH 7.8, 80 mM-KC1, 1.5~ (w/v) dextran, 225 mM-sucrose, 1 mM-EGTA, 4 mM-MgC12, 2 mM-ATP, 5 mM-creatine phosphate, 0-1 mg/ml creatine phosphokinase, 0.1 mM-CTP, O. 1 mM-GTP, 0-1 mM-UTP, 0.1 mM-dATP, 0-1 mM dCTP, 0.1 mM-dGTP. In the course of these studies, it was also found essential to add 0.5 mM-spermidine and 0.3 mM-spermine. Aliquots of either 20 lal or 200 ~tl of this reaction mixture containing about 5 x 105 or 5 x l06 lysed cells respectively were then incubated at 30 °C. Incorporation of radioactive precursors was stopped by chilling to 0 °C and the total incorporated radioactivity was determined by precipitation of aliquots with 5~ trichloroacetic acid (TCA) onto Whatman GF/B glass fibre filters.
For chase experiments, 3 x 10 -4 M unlabelled dTTP was added to the labelling solution, samples were quickly homogenized by pipetting and then further incubated at 30 °C.
Isolation and characterization of labelled virus particles. For the isolation of labelled virions, the in vitro samples were diluted one-to tenfold with 20 mM-Tris-HC1 pH 7.4, and stored at -70 °C. The samples were then digested with DNase I (final concentration 80 ~tg/ml) in the presence of 0.6 M-NaC1 and 60 mi-MgCl2 at 37 °C for 30 min. The reaction was stopped by addition of EDTA and Sarkosyl-NL-97 (SLS) to final concentrations of 10 mM and 0-5~ (w/v) respectively.
After further incubation at 37 °C for 1 h, the digests were loaded onto linear 5 to 40% sucrose gradients containing 2 mM-Tris-HCl and 0-1 ~ SLS, pH 7.4, and were centrifuged in a Beckman SW50.1 rotor at 4 °C and 40 000 rev/min for 70 min. Fractions of the gradients were collected from the bottom of the tubes and radioactivity profiles were measured as described by Gautschi & Clarkson (1975) .
For buoyant density analysis, fractions of the sucrose gradients presumably containing mature ll0S virus particles were pooled, centrifuged through a 30~ sucrose layer (1 ml) and banded in the underlying self-generated CsCl gradient (3-5 ml, 1.4 g/ml) in a Beckman SW50.1 rotor at 15 °C and 40000 rev/min for i6 h.
Extraction ofencapsidated viral DNA. Virus particles sedimented through sucrose gradients were pooled, diluted 1:2 with 10 mM-Tris HC1 pH 7-6, 10 mM-EDTA, and digested with 200 ~tg/ml proteinase K in the presence of 0.6~ (w/v) SDS at 37 °C for 6 h. Viral DNA was then extracted with phenol-chloroform (1:1, v/v) and further purified by an additional extraction with chloroform-isoamyl alcohol (24 : 1, v/v). DNA was precipitated with 2 vol. of ethanol in the presence of 0.5 M-NaC1 at -20 °C and was resuspended in 10 mM-Tris-HCl pH 8-0, 1 mM-EDTA (TE buffer).
Extraction of total low molecular weight DNA labelled in vitro. Low molecular weight DNA was extracted from aliquots of the in vitro reaction mixture by a modified Hirt procedure (Hirt, 1967; . For that purpose, a 100 ~tl amount was diluted with 400 ~tl of a solution containing 200 ~tg/ml proteinase K, 0.6~ SDS, 10 mM-EDTA and 10 mM-Tris-HCl pH 7.6. After digestion at 37 °C for 6 to 8 h, NaC1 was added to a final concentration of 1 M and the lysate was incubated at 0 °C for about 16 h. The resulting pellet, consisting mostly of cellular DNA and SDS, was removed by centrifugation in a Sorvall refrigerated centrifuge at 8000 rev/min at 4 °C for 40 min. Low molecular weight DNA contained in the supernatant was precipitated with ethanol and purified by phenol-chloroforrn-isoamyl alcohol extraction as described above.
Characterization of in vitro labeltedDNA. DNA extracted from either purified virus particles or directly from the in vitro system was analysed by sedimentation in CsCI (p = 1.5 g]ml) under neutral and alkaline conditions as described by . Fractions of such gradients were collected from the bottom of the tubes and TCA-insoluble radioactivity was precipitated on Whatman GF/B glass fibre filters and assayed by liquid scintillation spectrometry. For further characterization, the nucleic acid was electrophoresed in 1 ~o agarose gels both in the native state and after denaturation with 0.1 M-NaOH using 40 mM-Tris pH 8.0, 4 mM-sodium acetate, 2 mM-EDTA as running buffer. Double-stranded DNA was digested with the restriction enzymes AluI, HpaII, and HindIII, under the standard reaction conditions recommended by New England Biolabs. The resulting fragments were electrophoretically separated on 1 ~ agarose gels.
Single-stranded and double-stranded viral DNA as well as HindlII restriction fragments of bacteriophage 2 DNA served as size markers. Their position in the gels was detected by staining with 0.5 ~g]ml ethidium bromide. Labelled viral DNA, on the other hand, was localized by autoradiography. For this purpose, agarose gels were dried under vacuum onto Whatman 3MM paper and exposed to Kodak XS-5 X-ray film at -70 °C.
RESULTS

Optimal conditions for in vitro maturation of LulII virus in NB cells
In preliminary experiments it was shown that, in accordance with previous results , 1978 , NB cells could be reproducibly synchronized for DNA synthesis by addition of excess thymidine. About 70~o of cells infected upon release from such a synchronization block passed through S-phase within about 8 h. Between 10 and 18 h postinfection they supported a rather synchronous replication of LuIII DNA and the simultaneous accumulation of progeny virions. Pulse-labelling experiments conducted throughout that time period indicated that the proportion of synthesis due to viral DNA reached a maximum at about 16 h after infection (data not shown).
In further experiments, the relationship between the degree of lysis and the ability of lysed cells to support DNA synthesis was investigated. For that purpose, synchronized infected NB cells were trypsinized at various times after infection and were incubated in the lysis solution at 0 °C for 13, 15, 17 or 19 min. Monitoring of lysis by phase-contrast microscopy showed that, beginning at 15 min incubation, more than 95 ~ of the cells consisted of nuclei with few residual cytoplasmic structures. In parallel, the in vitro incorporation of [3 H]dTTP (normalized on the basis of in vivo prelabelled cellular DNA as described by into total intranuclear DNA reached a maximum after lysis treatment for 15 min and declined by a factor of two with more extended times of treatment. The results were the same whether cells were harvested 1 I, 13 or 15 h after infection. All further experiments in vitro were performed with cells that had been permeabilized with 0-019/o Brij-58 at 0 °C for 15 rain.
To determine at which time after infection the in vitro system had to be prepared in order to guarantee the most efficient synthesis of viral DNA and its incorporation into complete viral capsids, a series of such systems were prepared from synchronized cells at 1 h intervals between 11.5 and 18-5 h after infection. These preparations were pulse-labelled with [3H]dTTP under standard conditions for 2 h at 30 °C. l l0S virions were isolated by DNase digestion and separation from cellular debris by sedimentation in sucrose. Moreover, low molecular weight DNA was extracted by the Hirt technique and characterized and quantified by sedimentation in alkaline gradients as described previously . As illustrated in Fig. 1 , the ability of the in vitro systems to synthesize DNA incorporated into DNase-resistant 110S virions increased almost linearly after 12-5 h post-infection, it reached a maximum in systems prepared at 15.5 h after infection and, from then on, declined rapidly. In parallel, [3H]dTTP-labelled low molecular weight DNA extracted from similar samples between 12.5 and 16-5 h consisted almost exclusively of intermediates in the replication of viral DNA (for details of the characteristics, see , 1978 . Maximum synthesis of these structures was again observed in preparations made 15 to 16 h after infection. Between 12.5 and 16 h after infection, only negligible quantities of [l*C]TdR-prelabelled cellular DNA were found in the Hirt supernatants. At later times, i.e. after 16 h post-infection, however, considerable quantities of both [l*C]TdR-prelabelled and [3H]dTTP-pulse-labelled low molecular weight cellular DNA could be recovered under similar conditions. In the course of early experiments, it was repeatedly found that prolonged labelling led in permeable cells to the accumulation of a considerable quantity of replicative form DNA molecules smaller than unit size which could not be chased into virus particles. Observations in comparable systems (Yoshida et al., 1976; Pritchard et al., 1981) suggested that these molecules resulted from breakdown of viral replicative form (RF) DNA. As in the previous reports, addition of spermine and spermidine to concentrations of 0.3 mM and 0-5 mM respectively to the incubation mixture prevented the degradation of the newly synthesized nucleic acid. It also led to an increased incorporation of radioactive precursors into viral replicative intermediate DNA molecules, as well as to an increase in the packaging of progeny viral DNA into virions. For all further experiments the incubation mixture was therefore supplemented with polyamines. Moreover, in accordance with the results described in the preceding paragraphs, the in vitro system was prepared at 15 h after infection by lysis of the cells with 0-01% Brij-58 at 0 °C for 15 min. Fig. 2 ) the accumulated, TCA-precipitable radioactivity was determined. Incorporation of radioactive precursors in vitro was normalized on the basis of in vivo prelabelled cellular DNA (see . As is evident from Fig. 2 , incorporation of both [3H]dTTP and [32p]dTTP into acid-precipitable DNA took place with considerable efficiency for at least 60 min and continued at a reduced rate for up to 2 h. In vitro systems prepared from mock-infected cells showed a rather low degree of DNA synthesis.
Synthesis of viral replieative form (RF) DNA
Virus-infected, permeabilized cells were pulse-labelled with [32p]dTTP for periods ranging from 30 s to 120 min and low molecular weight DNA was extracted by the proteinase K modification of the Hirt technique. The molecules were sedimented both in neutral and alkaline gradients. As illustrated in Fig. 3 (a) , the majority of DNA labelled during short pulses (30 s to 5 min) sedimented in neutral gradients at about 14S, i.e. at the position of the double-stranded (ds)RF DNA. However, a broad shoulder of radioactivity sedimented at faster rates in front of RF DNA. With increasing time of labelling, the proportion of this heterogeneously sedimenting fraction decreased, and unit-sized dsRF DNA increased (Fig. 3 b) . Sedimentation of the same samples under alkaline conditions revealed that after very short pulses (30 s to 60 s), the extracts contained molecules sedimenting at 16S like mature single-stranded, viral DNA, a small quantity of molecules of dimer size sedimenting at about 21S (i.e. covalently linked plus-and minus-strand viral DNA: Rhode, 1974; Tattersall & Ward, 1976; , 1978 , as well as some of intermediate size. The great majority of label, however, was found associated with a heterogeneous class of DNA molecules sedimenting at less than 10S. The latter class apparently disappeared with progressive labelling and the sedimentation spectrum then consisted mainly of monomer 16S DNA and, in a considerably smaller proportion, of the 21S dimer DNA (data not shown in detail).
The apparent precursor-product relationship between < 10S DNA and monomeric and dimeric DNA molecules was further supported by the results of pulse-chase experiments. It can be seen from Fig. 4 that the low molecular weight part of the sedimentation spectrum of DNA labelled in vitro for 5 min (Fig. 4a ) disappeared almost completely during a chase of 120 min. Under these conditions, mostly 16S and 21S DNA accumulated (Fig. 4b) . As illustrated below, a considerable part of the labelled, unit-sized (16S) viral genomes became incorporated into virus particles. Control experiments with purified 110S virions, however, have shown that, at the most, 90~ of these encapsidated DNA molecules can be recovered by extraction with proteinase K and SDS. The rest is lost in the Hirt pellet and does not add to the sedimentation spectrum depicted in Fig. 4(b) . Therefore, it is difficult to determine correctly the quantitative relationship between the spectrum of DNA labelled during the 5 min pulse and the one resolved at the end of the chase period.
Concerning the nature of the low molecular weight DNA, several pieces of evidence indicate that the molecules labelled in the in vitro system are in fact LuIII virus-specific. Thus, the DNA extracted from the in vitro system contained only negligible amounts of prelabelled cellular DNA (see Fig. 3a, b) . Moreover, the sedimentation characteristics of the molecules were congruent with those of RF DNA structures identified previously in extracts of LulII-infected cells by sedimentation analysis, hybridization studies and electron microscopy , 1978 . In addition, the main species of DNA molecule labelled in vitro within 5, 30 and 60 min (Fig. 5) co-migrated in agarose gels with RF DNA prepared from whole LulII-infected cells by the method of . It showed an apparent molecular weight of 3.0 x 106. The same in vitro samples contained at least one additional species of DNA with a molecular weight of 6-4 x 106. After denaturation in 0.1 M-NaOH and electrophoresis undernondenaturing conditions (Fig. 5 b) , the molecular pattern consisted of about equal quantities of , and extracted from the in vitro system by the Hirt technique. Aliquots of 0.2 ml were sedimented through CsCI (p = 1.5 g/ml, pH 8.0) in a Beckman SW50.1 rotor at 25 °C and 34000 rev/min for 3-5 h. Fractions of 2 drops were collected from the bottom of the tubes for determination of acid-insoluble radioactivity. A, 3H radioactivity derived from prelabelled cellular DNA, O, 32p radioactivity of in vitro labelled DNA. Fig. 4 . Sedimentation in alkaline CsC1 gradients of low molecular weight DNA pulse-labelled in vitro with [32p]dTTP for 5 min (a) and chased for 120 min with 3 x 10 -4 M-dTTP (b). The samples were analysed as described in the legend to Fig. 3. monomer-sized ssDNA with positive (arrow p) and negative (arrow n) polarity, of molecules still migrating in the position of monomer-sized dsRF DNA, and of a considerable quantity of molecules smaller than unit size. The position of the negative strand of LulII virus DNA has been identified by Northern blot hybridization with poly(A)-containing RNA extracted from LulII virus-infected cells (Majaniemi et al., 1981 ; J.-D. Tratschin et al., unpublished results). The molecules still migrating in the position of dsRF DNA are likely to represent covalently linked plus and minus strands (identical to the 'dimeric' 21S DNA revealed by sedimentation in the alkaline gradients shown in Fig. 4b ) which quickly reanneal by a snap-back reaction under non-stringent conditions (Tattersall & Ward, 1976) .
The in vitro system under investigation was prepared from cells that had already been supporting synthesis of viral DNA for several hours. Consequently, the various extracts (e.g. those depicted in Fig. 3, 4 however, identification of viral dsDNA is possible on the basis of the characteristic molecular pattern generated from viral dsDNA by digestion with restriction endonucleases. For example, the endonucleases AluI, HindIII and HpaII cut monomer-sized viral dsDNA at 18 distinct sites, thus yielding a total of 21 fragments (Fig. 6 ). Twelve of these fragments i.e. the three main fragments generated by HpaII (Fig. 5 c) , the seven largest fragments produced by digestion with AluI (Fig. 5 d) , and the two almost equal sized fragments resulting from incubation of DNA with HindIII (Fig. 5e ) are large enough to be separated on a 1% agarose gel in parallel to a determination of the size of in vitro labelled molecules. Digestion of cellular DNA, on the other hand, led to a multitude of fragments which appeared on the gel as an undifferentiated smear rather than as a clear electrophoretic pattern (data not shown). It may be concluded from these results that the great majority of in vitro labelled molecules indeed represent viral DNA. The homogeneous distribution of label in the various restriction fragments also argues for a continuous synthesis of both plus and minus strands rather than for incorporation of the radioactive precursor merely by end addition.
Synthesis and encapsidation of progeny viral DNA
The results of suggested that progeny viral DNA synthesized under in vitro conditions can be isolated from DNase-resistant 110S LuIII virus particles only after a lag period of 15 to 30 min. These results could be fully corroborated for the in vitro system described in this paper when viral DNA was labelled with [3 H]dTTP (Fig. 8) . In contrast, using [32p]dTTP as the precursor, at about 100 times higher specific activity, reproducible quantities of labelled 110S particles could be detected after a pulse as short as 1 min (Fig. 7) . Integration of DNase-resistant 32p radioactivity sedimenting at 110S and plotting the values thus obtained against the time of labelling indicated that encapsidation of newly synthesized viral D N A is linear for at least 60 rain (Fig. 8) . Under the latter conditions, therefore, synthesis and packaging of progeny viral D N A appeared to be closely related processes which are not separated by extended processing of de novo synthesized D N A molecules. The D N A molecules extracted from in vitro assembled 110S virus particles co-sedimented with the full-sized LuIII virus genome at 16S in alkaline gradients (data not shown; see also . Majaniemi et al. (1981) have recently shown that LulII virus, in contrast to other autonomous parvoviruses, incorporates single-stranded D N A of both plus and minus polarity separately into virus particles. Depending on the reannealing conditions prevailing after extraction, these molecules behave either as linear d s D N A or can be demonstrated as separate bands of plus and minus single-stranded viral genomes upon agarose gel electrophoresis under non-denaturating conditions. A clear-cut example of this is given in Fig. 9 . It illustrates the electrophoretic behaviour of viral D N A labelled for 30 s, 1 min and 5 min in vitro and chased into 110S particles within the subsequent 2 h. Attempts to extract the viral genomes from l l0S particles and to characterize them by agarose gel electrophoresis directly at the end of such brief labelling periods met with extreme difficulties. Irrespective of whether the nucleic acid was extracted by digestion of particles with proteinase K in the presence of SDS, with 0-4 M-NaOH and further purified with phenol-chloroform and/or D. E. MULLER AND G. SIEGL chloroform-isoamyl alcohol, most of the molecules labelled within the first 15 min of incubation in vitro showed an abnormal electrophoretic behaviour. They either behaved as molecules of rather high molecular weight or did not enter the agarose gel at all (Fig. 9b) . The DNA molecules characterized by this aberrant electrophorctic behaviour were extracted from 110S virions which had been liberated from the in vitro system by digestion with DNase. Therefore, the DNA molecules were encapsidated and could not have consisted of large concatemeric RF DNA structures adhering to the surface of virus particles. Moreover, in vitro labelled viral DNA extracted from ll0S particles always sedimented at 16S in alkaline gradients, i.e. as a linear single-stranded molecule of genome size. On the basis of all these observations, the aberrant electrophoretic mobility of de novo encapsidated viral DNA may be indicative of the presence of a covalently linked, alkali-stable and largely proteinase K-resistant protein. In additional preliminary experiments, briefly labelled viral DNA was extracted from 110S particles, reannealed under conditions optimal for the formation of dsDNA and, finally, was cut with restriction endonucleases. The electrophoretic pattern of the restricted DNA appeared to indicate that the hypothetical protein was covalently linked to the fragments generated from both ends of the dsDNA (data not shown). Further detailed experiments will be published elsewhere.
Because the aberrant electrophoretic behaviour is characteristic of the majority of viral genomes extracted from virus particles within about 10 to 15 min after synthesis in vitro, it may be assumed that it also indicates a distinct step in the assembly of parvovirus LulII. In fact, the 110S virus particles yielding this type of DNA molecule were much less stable and had a density different to mature virions.
As illustrated in Fig. 10(a) , some of the 110S particles labelled during a 1 min pulse in vitro banded at a density of 1.44 g/ml in CsCI gradients. Most of the particles, however, disintegrated to DNA-containing structures which are still trapped in the layer of 30~ sucrose separating the loaded samples from the self-generated CsC1 gradient. Only a tiny quantity of labelled virus particles accumulated at the density of mature infectious virions (1.41 g/ml). With progressive in vitro labelling, both the stability and buoyancy of particles changed considerably. After 10 min of labelling (Fig. 10b) , the more stable particles apparently shifted from 1.44 g/ml to 1.41 g/ml and the structures resulting from the disintegration of 110S particles in the presence of 2.5 MCsC1 accumulated at distinct densities between 1-34 and 1-38 g/ml. Finally, after 60 min of labelling ( Fig. 10 c) most of the particles showed the characteristic stability and buoyant density of the mature parvovirion and accumulated at 1-41 g/ml.
DISCUSSION
The first evidence for distinct steps in the process of parvovirus assembly was derived from the characterization of the various particulate structures present in harvests of parvovirusinfected cells (Clinton & Hayashi, 1976) as well as from pulse--chase experiments (Richards et al., 1977; Myers & Carter, 1980) . On the basis of these results, it was suggested that newly synthesized progeny parvovirus DNA is condensed into pre-existing empty capsids (density 1-32 g/ml). The resulting immature, yet stable virus particle (density 1.44 g/ml) was assumed to be processed further to the mature, infectious virion which bands at a density of 1-41 g/ml in CsC1.
The results of studies by and concerning the assembly of parvovirus LulII in the permeabilized in vitro system lend further support to this model. However, several significant points can not be answered by means of these systems. Thus, it is still open to discussion whether synthesis and encapsidation of progeny viral DNA are directly related processes, whether maturation of parvoviruses is a continuous process extending over the entire replication cycle or whether it occurs in a distinct burst late in infection as has been suggested by Richards et al. (1977) . Moreover, only preliminary and mostly indirect evidence for the involvement of structures other than those found in virus harvests has been presented Myers & Carter, 1980) .
Our studies show that, under carefully controlled experimental conditions, the subcellular in vitro system can be prepared at any time between 11-5 and 18 h after infection of synchronized NB cells. In these systems, the synthetic activities related to the replication of viral DNA and to the assembly of virus particles seem to reflect these processes in whole, non-permeabilized cells both in a qualitative and in a quantitative manner. Because the in vitro system consists of nuclei stripped almost entirely of the surrounding cytoplasm, neither synthesis of viral polypeptides nor transport of proteins into the nucleus is likely to take place. Therefore, replication of viral DNA apparently occurs independent of concomitant synthesis of viral polypeptides and newly synthesized progeny DNA can be wrapped by pre-existing, previously accumulated viral proteins. Gautschi et al. (1976) have shown that the great majority of intranuclear viral proteins can be extracted in the form of empty viral capsid structures.
As regards the replication of LulII virus DNA, the characteristic double-stranded molecules consisting of unit length plus and minus strands as well as those representing covalently linked complementary strands , 1978 were readily labelled in the in vitro system. Interestingly, however, labelling for pulses as short as 30 to 60 s and sedimentation of the molecules in alkaline gradients gave rise to the appearance of DNA strands mostly shorter than unit length. These molecules could readily be chased into full-length viral DNA. Such a finding is not fully compatible with the rolling hairpin model proposed by Tattersall & Ward (1976) for the replication of parvovirus DNA. Rather, it suggests that progeny parvovirus DNA is synthesized by strand displacement replication from duplex replicating intermediates as has been shown by , by Rhode (1978) and, more recently, by Myers & Carter (1980) . Displacement synthesis apparently generates plus and minus strands in identical amounts (Fig. 5) and parvovirus LulII evidently incorporates complementary single-stranded DNA strands separately and at equal efficiency (Fig. 9) .
One of the most important questions that could not be answered with the experimental systems available until now concerns the relationship between synthesis and encapsidation of progeny viral DNA. Richards et al. (1977) observed that assembly of minute virus of mice stopped immediately when synthesis of viral DNA was inhibited. Moreover, cells infected by this parvovirus did not contain significant pools of viral DNA in a form that could be packaged in the absence of DNA synthesis. In accordance with these results, labelled progeny DNA of LulII virus was found in a DNase-resistant form in 110S particles already formed after a pulse as short as 30 s. Both the labelled DNA and the particles incorporating the DNA under these conditions showed distinctive properties. For about 10 min after labelling, the encapsidated viral genome showed an abnormal electrophoretic mobility which at best can be explained by the presence of a covalently linked, alkali-stable and largely proteinase K-resistant terminal protein. Whether this explanation really holds true has to be clarified in more detailed studies.
However, the virus particles containing the DNA with the aberrant electrophoretic mobility apparently are much less stable in the presence of CsC1 than are the structures usually found in virus harvests (Fig. 10) . They seem to represent an additional, so far unrecognized, intermediate in the assembly of parvoviruses. Whether the 'protein' linked to the viral genome is identical with the structure described by Revie et al. 0979 ) for the RF DNA of H-1 virus, and whether it plays an important role in the encapsidation of progeny viral DNA remains to be investigated. This study was supported by grant no. 3.935.0.78 of the Schweizer Nationalfonds.
